To test the effect of insulin treatment on the pharmacokinetics of metformin in rats with diabetes mellitus induced by alloxan (DMIA rats). The following results were reported from other studies. Metformin was metabolized via hepatic CYP2C11, 2D1, and 3A1/2 in rats. In DMIA rats, the protein expression and mRNA levels of hepatic CYP2C11 and 3A1/2 decreased and increased, respectively. In rat model of diabetes mellitus induced by streptozotocin, the protein expression of hepatic CYP2D1 was not changed. The increase in hepatic CYP1A2, 2B1, and 2E1, and decrease in hepatic CYP2C11 in DMIA rats was returned to the controls by insulin treatment. METHODS. Metformin (100 mg/kg) was administered intravenously and orally to the control rats, DMIA rats, and DMIA rats with insulin treatment for 3 weeks (DMIA rats with insulin). RESULTS. After intravenous administration of metformin to the DMIA rats, the CL R and CL NR of the drug were significantly slower than the controls. After oral administration of metformin to the DMIA rats, the AUC of the drug was also significantly greater than the controls. After intravenous administration of metformin to the DMIA rats with insulin, the significantly slower CL NR of the drug in the DMIA rats was returned to the controls. The altered pharmacokinetic indices observed following intravenous and oral administration of metformin to DMIA rats returned to the control values in the DMIA rats with insulin. CONCLUSIONS. The significantly slower CL NR of metformin in the DMIA rats could be due to the decrease in hepatic CYP2C11 than the controls. The comparable CL NR of metformin between the DMIA rats with insulin and the control rats could be due to restoration of hepatic CYP enzyme changes in DMIA rats to the controls.
INTRODUCTION
Metformin, a biguanide antihyperglycemic agent, is widely used in the management of type 2 diabetes mellitus. It lowers the blood glucose concentration without causing hypoglycemia (1) . After intravenous (at doses of 0.25-1.0 g) and oral (at doses of 0.5-1.5 g) administration of metformin to four healthy volunteers, the terminal half-lives of the drug were 1.52-4.50 h, 78.9-99.9% of the dose were excreted in the urine via active renal tubular secretion, absorption of the drug was not complete (20-30% of the oral dose were recovered from the feces) possibly due to an active, saturable absorption process, and the extent of absolute oral bioavailability (F) of the drug was 33-55% (1). Metformin does not bind to human plasma proteins (2, 3) . Metabolism of metformin was suggested in humans (1) based on its incomplete recovery in the urine after intravenous administration of the drug (2) and on a further study in which 20% of the dose was not accounted for (3) . Recently, it was reported that metformin is mainly metabolized via hepatic microsomal cytochrome P450 (CYP) 2C11, 2D1, and 3A1/2 (not via the CYP1A1/2, 2B1/2, and 2E1) in male Sprague-Dawley rats (4).
_________________________________________
Kim et al. (5) reported that in male SpragueDawley rats with diabetes mellitus induced by alloxan (DMIA rats) and streptozotocin (DMIS rats), the protein expression and mRNA levels of hepatic CYP1A2, 2B1/2, 2E1, and 3A1/2 increased, whereas those of CYP2C11 decreased compared with the controls. The increase in hepatic CYP1A2 (6) , 2B1 (6) , and 2E1 (7, 8) , and decrease in hepatic CYP2C11 (6, 9) were also reported in the DMIA rats. In addition to the changes in hepatic CYP isozymes, hepatotoxicity (10) , impaired kidney function (11, 12) , changes in the formation of glucuronide, glutathione, and sulfate conjugation (13) were also reported in the DMIA rats. Therefore, it could be expected that the pharmacokinetics of metformin could be changed in the DMIA rats. The changes in the pharmacokinetic parameters of drugs in the DMIA rats were reported, however, the changes with respect to changes in hepatic CYP isozymes were scarce except theophylline (5) , torasemide (14) , clarithromycin (15) , oltipraz (16) , chlorozoxazone (17) , and diclofenac (18) . The studies on metformin were not reported, since the CYP isozymes responsible for the metabolism of metformin in rats were reported recently (4) .
Although metformin is widely used in the management of type 2 diabetes mellitus, the drug was also effective in type 1 diabetic patients of normal body weight with insulin therapy; metformin was effective in improving the insulin action in type 1 diabetic patients (19) . Urakami et al. (20) reported that metformin may represent a useful adjuvant to the management of type 1 diabetes mellitus in adolescents and young adults who have poor glycemic control despite a large amount of insulin. In this regard, metformin was chosen in this study using DMIA rats, a type I diabetes mellitus model. The decrease in hepatic CYP2C11 and increase in hepatic CYP1A2, 2B1, and 3A1 in DMIA rats were returned to the controls by insulin treatment (6) . Also it was reported that the body weight loss, weakness, and cachexy, with a significant increase in water intake, urine output, and blood glucose levels, and decrease in plasma insulin level in DMIA rats were close to the control levels after insulin treatment (21, 22) . Hence, the effect of insulin on the pharmacokinetics of metformin after intravenous and oral administration to the DMIA rats was also investigated. The purpose of this study was to investigate the effects of type I diabetes mellitus induced by alloxan on the pharmacokinetics of metformin after intravenous and oral administration of the drug. We also evaluated whether insulin treatment affects the pharmacokinetics of metformin in the DMIA rats. 
METHODS AND MATERIALS

Chemicals
Animals
Male Sprague-Dawley rats of 5-8 weeks of age (weighing 170-280 g) were purchased from Taconic Farms Inc. (Samtako Bio Korea, O-San, South Korea). The rats were randomly divided into two groups, control rats and the DMIA rats. The DMIA rats was further divided into two groups, the DMIA rats and the DMIA rats with insulin treatment for 3 weeks (DMIA rats with insulin). All rats were provided with food (Samyang Company, Pyeongteak, South Korea) and water ad libitum and maintained in a light-controlled room (light: 0700-1900, dark: 1900-0700) kept at a temperature of 22 ± 2 °C and a relative humidity of 55 ± 5% (Animal Center for Pharmaceutical Research, College of Pharmacy, Seoul National University, Seoul, South Korea). Rats were housed in metabolic cages (Tecniplast, Varese, Italy) under the supply of filtered pathogen-free air. Protocols of this study were approved by Animal Care and Use Committee of College of Pharmacy of Seoul National University.
Induction of Diabetes Mellitus in Rats by Alloxan Injection
Freshly prepared alloxan (dissolved in 0.9% NaClinjectable solution to produce a concentration of 40 mg/mL) at a dose of 40 mg/kg was injected to overnight-fasted rats via the tail vein for two consecutive days to induce diabetes mellitus (5, 11, 12, (14) (15) (16) (17) (18) . The same volume of 0.9% NaClinjectable solution was injected to the control rats. Just before the starting of experiment, the blood glucose level was measured using Medisense Optium Kit (Abbott Laboratories, Bedford, MA) and rats with blood glucose levels higher than 250 mg/dL were chosen as a rat model of diabetes.
Measurement of Liver and Kidney Function
The following study was performed at the fourth day (just before the commencement of the experiment) in the control rats and the DMIA rats (n = 4; each) to measure the liver and kidney functions. The 24-h urine sample was collected for the measurement of urine output and creatinine level. A blood sample was collected for the measurement of glucose level and hematocrit value (Readacroit Centrifuge; Clay Adams, Parsippany, NJ). A plasma sample was collected for the measurement of total proteins, albumin, urea nitrogen, glutamate oxaloacetate transaminase (GOT), glutamate pyruvate transaminase (GPT), and creatinine levels (analyzed by Green Cross Reference Lab., Seoul, South Korea). The whole kidney and liver of each rat were excised, rinsed with 0.9% NaCl-injectable solution, blotted dry with tissue paper, and weighed. Small portions of each organ were fixed in 10% neutral phosphate-buffered formalin and then processed for routine histological examination with hematoxylin-eosin staining. The initial and final body weights were also measured.
Measurement of V max , K m , and CL int for the Disappearance of Metformin in Hepatic Microsomal Fractions of the Control and DMIA rats
The procedures were similar to previously reported methods (14, 15) . The whole livers of the control and DMIA rats (n = 5 and 4, respectively) were homogenized (Ultra-Turrax T25; Janke & Kunkel, IKA-Labortechnik, Staufeni, Germany) in approximately 20 mL of ice-cold buffer of 0.154 M KCl / 50 mM Tris-HCl in 1 mM EDTA (pH 7.4). The homogenates were centrifuged (10,000 g, 30 min) and the supernatant fraction was further centrifuged (100,000 g, 90 min). Microsomal protein content was measured using a reported method (23) . The V max (the maximum velocity) and the K m (the Michaelis-Menten constant; the concentration at which the rate is one-half of the V max ) for the disappearance of metformin were determined after incubating the above microsomal fractions (equivalent to 0.5 mg protein), a 5 μL aliquot of 0.9% NaCl-injectable solution that contained 1, 2.5, 5, 7.5, 20, 50, 100, and 200 μM of metformin base, and a 50 μL aliquot of 0.1 M phosphate buffer (pH 7.4) that contained 1 mM NADPH in a final volume of 0.5 mL by adding 0.1 M phosphate buffer (pH 7.4) in a water-bath shaker [37 o C, 500 oscillations per min (opm)]. All of the above microsomal incubation conditions were linear. The reaction was terminated by the addition of 1 mL of acetonitrile after 15 min incubation. The kinetic constants (K m and V max ) for the disappearance of metformin were calculated using a non-linear regression method (24) . The intrinsic clearance (CL int ) for the disappearance of metformin was calculated by dividing the V max by the K m .
Intravenous and Oral Studies in the Control and DMIA rats
The procedures used for the pretreatment of rats including the cannulation of the jugular vein (for drug administration in the intravenous study) and the carotid artery (for blood sampling) were similar to a previously reported method (25) . Early in the early morning at the fourth day after the start of the treatment with alloxan or 0.9% NaCl-injectable solution, metformin (metformin hydrochloride was dissolved in 0.9% NaCl-injectable solution) at a dose of 100 mg/kg as metformin base was infused (total infusion volume of approximately 0.6 mL) over 1 min via the jugular vein of the control (n = 9) and DMIA rats (n = 7). An approximately 0.12 mL aliquot of blood sample was collected via the carotid artery at 0 (to serve as a control), 1 (at the end of the infusion), 5, 15, 30, 60, 90, 120, 240, 360, 480 , 600, and 720 min after the start of the intravenous infusion of metformin. An approximately 0.3 mL aliquot of the heparinized 0.9% NaCl-injectable solution (20 units/mL) was used to flush each cannula immediately after each blood sampling to prevent blood clotting. Blood samples were centrifuged immediately and a 50 μL aliquot of each plasma sample was stored at -70 o C (Revco ULT 1490 D-N-S; Western Mednics, Asheville, NC) until used for the HPLC analysis of metformin (26) . At the end of 24 h, each metabolic cage was rinsed with 20 mL of distilled water and the rinsings were combined with 24-h urine sample. After measuring the exact volume of the 24-h urine and the combined urine samples, two 50 μL aliquots of the combined urine sample were stored at -70 o C until used for the HPLC analysis of metformin (26) . At the same time (24 h), each rat was exsanguinated and sacrificed through cervical dislocation. And then, the abdomen was opened and the entire gastrointestinal tract (including its contents and feces) of each rat was removed, transferred into a beaker that contained 100 mL of methanol (to facilitate the extraction of metformin), and cut into small pieces using scissors. After manual shaking and stirring with a glass rod for 1 min, two 50 μL aliquots of the supernatant were collected from each beaker and stored at -70 °C until used for the HPLC analysis of metformin (26) .
Metformin (the same solution used in the intravenous study) at a dose of 100 mg/kg was administrated orally (total oral volume of approximately 1.5 mL) to the control (n = 7) and DMIA rats (n = 8) using a feeding tube. Blood samples were collected at 0, 15, 30, 60, 90, 120, 180, 240, 360, 480, 720, 960, 1200, and 1440 min after oral administration of metformin. Other procedures were similar to those in the intravenous study.
Intravenous and Oral Studies to the DMIA rats with or without Insulin Treatment for 3 Weeks
The DMIA rats were divided into two groups, the DMIA rats on 25th day and the DMIA rats with insulin. For the DMIA rats with insulin, insulin was injected subcutaneously for 3 weeks at a dose of 30 units/kg/day from 5th day after tail vein injection of alloxan (22, 27) . For the control and DMIA rats on 25th day, the same volume of 0.9% NaCl-injectable solution was injected subcutaneously.
Metformin (the same solution that in the intravenous study) at a dose of 100 mg/kg as metformin base was infused (total infusion volume of approximately 0.6 mL) over 1 min via the jugular vein of the control (n = 5), DMIA on 25th day (n = 6), and DMIA rats with insulin (n = 7). Also metformin (the same solution used in the intravenous study) at a dose of 100 mg/kg as metformin base was administered orally (total infusion volume of approximately 1.5 mL) to the control (n = 5), DMIA on 25th day (n = 8), and DMIA rats with insulin (n = 7) using a feeding tube.
Other procedures were similar to those in the previous intravenous and oral studies.
Measurement of Rat Plasma Protein Binding of Metformin Using the Equilibrium Dialysis Technique
Plasma protein binding of metformin to the control and DMIA rats (n = 5 and 4, respectively) was measured using the equilibrium dialysis technique (28) . One milliliter of plasma was dialyzed against 1 mL of isotonic Sørensen phosphate buffer (pH 7.4) that contained 3% (w/v) dextran ('the buffer') in a 1 mL dialysis cell (Spectrum Medical Industries, Los Angeles, CA) using a Spectra/Por 4 membrane (mol. wt. cutoff of 12-14 KDa; Spectrum Medical Industries). After 24 h incubation, two 50 μL aliquots were collected from each compartment and stored at -70 °C until used for the HPLC analysis of metformin (26) .
HPLC Analysis of Metformin
Concentrations of metformin in the samples were determined by a slight modification of a reported HPLC method (26) ; ipriflavone instead of hydrocodeine was used as an internal standard. In brief, a 50 μL aliquot of biological sample was deproteinized with a 100 μL aliquot of acetonitrile, and a 50 μL aliquot of methanol that contained 10 μg/mL of ipriflavone (internal standard) was added.
After vortex-mixing and centrifugation (16,000 g, 10 min), a 50 μL aliquot of the supernatant was injected directly onto a reversed-phase (C 18 ) HPLC column. The mobile phase (pH = 6), 10 mM KH 2 PO 4 : acetonitrile = 40 : 60 (v/v), was run at a flow-rate of 1.5 mL/min, and the column eluent was monitored using an ultraviolet detector at 235 nm.
Pharmacokinetic Analysis
The total area under the plasma concentration-time curve from time zero to time infinity (AUC) was calculated using the trapezoidal rule-extrapolation method; this method uses the logarithmic trapezoidal rule recommended by Chiou (29) for the calculation of the area during the phase of a declining level in plasma and the linear trapezoidal rule for the phase of a rising level in plasma. The area from the last datum point to time infinity was estimated by dividing the last measured concentration in plasma by the terminal-phase rate constant.
Standard methods (30) were used to calculate the following pharmacokinetic parameters using a non-compartmental analysis (WinNonlin 2.1; Pharsight Corp., Mountain View, CA); the timedaveraged total body, renal, and nonrenal clearances (CL, CL R , and CL NR , respectively), terminal halflife, the first moment of AUC (AUMC), the mean residence time (MRT), the apparent volume of distribution at steady state (Vd ss ), and the F (25). The peak plasma concentration (C max ) and the time to reach a C max (T max ) were directly read from the experimental data.
Glomerular filtration rate (GFR) was estimated by measuring the creatinine clearance (CL CR ) assuming that kidney function was stable during the experimental period. The CL CR was measured by dividing the total amount of unchanged creatinine excreted in the 24-h urine by the AUC 0-24 h of creatinine in plasma.
The mean values of the Vd ss (31) , the terminal halflife (32) , and the each clearance (33) were calculated using the harmonic mean method.
Statistical Analysis
A p < 0.05 was considered to be statistically significant using the t-test between the two means for the unpaired data or a Duncan's multiple range test of Statistical Package for the Social Sciences (SPSS) posteriori analysis of variance (ANOVA) among the three means for the unpaired data. All data are expressed as mean ± standard deviation except median (ranges) for T max .
RESULTS
Liver and Kidney Function
Body weight, hematocrit, blood glucose level, 24-h urine output, plasma chemistry data, CL CR , and relative liver and kidney weights in the control and DMIA rats are listed in Table 1 . The plasma levels of total protein, albumin, GOT, and GPT, and relative liver weight in DMIA rats were comparable to the controls, however, they were in the reported ranges in the control rats (34) . This suggests that the liver function did not seem to be impaired considerably in DMIA rats, and this could be supported based on the liver microscopy; there were no significant findings in the livers of both groups of rats.
The plasma level of urea nitrogen in the DMIA rats was significantly higher (101% increase) than the controls, however, the values in both groups of rats were in the reported ranges in the control rats (34) . Moreover, the CL CR values were not significantly different between two groups of rats. This suggests that the kidney function also did not seem to be impaired considerably in the DMIA rats, and this could be supported based on the kidney microscopy; there were no significant findings in the kidneys of both groups of rats. Note that in the DMIA rats, the hematocrit, 24-urine output, and blood glucose level were significantly greater (12.6, 39.5, and 184% increase, respectively), and final body weight (body weight gain) was significantly lighter (24.9% decrease) than the controls. However, the relative kidney weight in the DMIA rats was significantly heavier (30.3% increase) than the controls.
Measurement of V max , K m , and CL int for the Disappearance of Metformin in the Hepatic Microsomal Fractions
The V max , K m , and CL int for the disappearance of metformin in the hepatic microsomal fractions of the control and DMIA rats are listed in Table 2 . In the DMIA rats, the V max and the K m were significantly faster (127% increase) and higher (194% increase), respectively, than the controls, suggesting that the maximum velocity for the disappearance (primarily metabolism) of metformin was faster than the controls and the affinity of the enzyme(s) for metformin decreased in the DMIA rats compared with the controls. In the DMIA rats, the CL int for the disappearance of metformin was significantly slower (22.4% decrease) than the controls, suggesting that the metabolism of metformin decreased in the DMIA rats compared with the controls. In the DMIA rats, the total protein in the liver microsomes was significantly smaller than the controls (47.5% decrease; 106 ± 8.44 and 202 ± 57.8 mg / total liver weight).
Pharmacokinetics of Metformin after Its Intravenous and Oral Administration to the Control and DMIA rats
The data generated after 100 mg/kg intravenous doses of metformin to the control and DMIA rats are depicted in Figure 1 (A) , and the relevant pharmacokinetic parameters are listed in Table 3 . Table 1 . Mean (± standard deviation) body weight, hematocrit, blood glucose level, 24-h urine output, plasma chemistry data, CL CR , and relative liver and kidney weights in the control and DMIA rats.
Parameter
Control (n = 4) DMIA (n = 4) After intravenous administration of metformin to DMIA rats, the changes in the pharmacokinetic parameters of the drug are as follows; the AUC was significantly greater (33.3% increase), the CL, CL R , and CL NR were significantly slower (25.0, 18.1, and 35.8% decrease, respectively), and the percentage of the intravenous dose of metformin excreted in the 24-h urine as an unchanged drug (Ae 0-24 h ) was significantly greater (8.15% increase) than the controls. Note that the contribution of AUC 12 h-∞ to total AUC of metformin was less than 2.07% for all rats studied.
The data generated after 100 mg/kg oral doses of metformin to the control and DMIA rats are depicted in Figure 1 (B) , and the relevant pharmacokinetic parameters are also listed in Table  3 . After oral administration of metformin, absorption of the drug from the rat gastrointestinal tract was rapid; metformin was detected in plasma from the first or second blood sampling time (15 or 30 min) for both groups of rats. After oral administration of metformin to the DMIA rats, the changes in the pharmacokinetic parameters of the drug are as follows; the AUC was significantly greater (23.2% increase), the terminal half-life was significantly longer (22.6% increase), the C max was significantly higher (55.8% increase), the CL R was significantly slower (12.9% decrease), and the Ae 0-24 h was significantly greater (7.18% increase) than the control rats. Note that the contribution of AUC 24 h-∞ to total AUC of metformin was less than 1.93% for all rats studied.
Pharmacokinetics of Metformin after Its Intravenous and Oral Administration to the DMIA rats with Insulin
The data generated after 100 mg/kg intravenous doses of metformin to the control, DMIA on 25th day, and DMIA rats with insulin are depicted in Figure 2 (A), and the relevant pharmacokinetic parameters are listed in Table 4 (A). After intravenous administration of metformin to the DMIA rats on 25th day, the changes in the pharmacokinetic parameters of the drug compared to the controls are as follows; the AUC was significantly greater (62.4% increase), the CL, CL R , and CL NR were significantly slower (42.0, 31.9, and 62.2% decrease, respectively), and the Ae 0-24 h was significantly smaller (16.4% increase) than those in the controls. Similar trends were also obtained from the DMIA rats ( Table 3 ). Note that in the DMIA rats with insulin, the AUC, CL R , CL NR , and Ae 0-24 h were returned to the controls (the values were significantly different compared with those in the DMIA rats on 25th day, but were not significantly different compared with the controls). Although the CL values were significantly different among three groups of rats, the value in the DMIA rats with insulin was significantly slower and faster than that in the controls and DMIA rats on 25th day, respectively. This indicates that the CL of metformin in the DMIA rats with insulin was partially returned to the controls.
The data generated after 100 mg/kg oral doses of metformin to the control, DMIA on 25th day, and DMIA rats with insulin are depicted in Figure 2 (B), and the relevant pharmacokinetic parameters are also listed in Table 4 (B). After oral administration of metformin, absorption of the drug from the rat gastrointestinal tract was rapid; metformin was detected in plasma from the first or second blood sampling time (15 or 30 min) for three groups of rats. After oral administration of metformin to the DMIA rats on 25th day, the changes in the pharmacokinetic parameters of the drug compared with the controls are as follows; the AUC was significantly greater (45.1% increase), the CL R was significantly slower (16.7% decrease), and the Ae 0-24 h was significantly greater (21.1% increase) than those in the controls. Similar trends were also obtained form the DMIA rats ( Table 3 ). Note that in the DMIA rats with insulin, the AUC and the Ae 0-24 h were returned to the controls (the values were significantly different from those in the DMIA rats on 25th day, but were not significantly different from the controls). The CL R in the DMIA rats with insulin was slower than the controls, however, the value was comparable to the DMIA rats on 25th day. By insulin treatment in the DMIA rats on 25th day, the significantly smaller body weight gain, higher blood glucose level, and larger in 24-h urine output were returned to the controls.
Plasma Protein Binding of Metformin Using the Equilibrium Dialysis Technique
The plasma protein binding of metformin in the controls and the DMIA rats (n = 5 and 4, respectively) were 12.7 ± 5.57 and 9.44 ± 6.58%, respectively; they were not significantly different. The adsorption of metformin to the equilibrium dialysis apparatus, which included the semipermeable membrane, was almost negligible; 85.3-106% of the spiked amounts of metformin were recovered from both the plasma and 'the buffer' compartments. The binding of metformin to 4% human serum albumin was independent of metformin concentrations ranging from 1 and 200 μg/mL; the mean value was 10.1% (28) . Hence, a concentration of metformin of 10 μg/mL was arbitrarily chosen for the present plasma protein binding study.
HPLC Analysis of Metformin
The retention times of metformin and internal standard were approximately 4 and 6.5 min, respectively. The quantitation limits of metformin in the rat plasma and urine samples were 0.05 and 1 μg/mL, respectively. The inter-and intra-day coefficients of variation were below 9.91 and 7.52% for the plasma and urine samples, respectively, in the concentration ranges of 0.05-5,000 μg/mL and 1-1,000 μg/mL for the plasma and urine samples, respectively.
DISCUSSION
Induction of diabetes mellitus was evident in the DMIA rats based on significantly higher blood glucose level, significantly larger 24-h urine output, and significantly smaller body weight gain than the controls (Tables 1, 3 , and 4). Significantly smaller body weight gain was related to the phosphorus depletion of soft tissues in alloxan-induced diabetes; phosphorus depletion appeared to body weight loss and negative phosphate balance (21) . The contribution of the CL R to the CL of metformin was considerable in the controls and DMIA rats; the values were 59.7 and 65.2% for the control and DMIA rats, respectively ( Table 3 ), indicating that metformin is mainly eliminated by the renal excretion (CL R ) in rats. The contribution of the gastrointestinal (including the biliary) excretion of unchanged metformin to CL NR of the drug was almost negligible; the percentages of the intravenous dose of metformin recovered from the gastrointestinal tract at 24 h as an unchanged drug (GI 24 h ) were 0.925 and 1.19% for the control and DMIA rats, respectively (Table 3) . However, the smaller values of GI 24 h , 0.925 and 1.19%, were not likely due to chemical and enzymatic degradation of metformin in rat's gastric fluid. It was reported (28) that metformin was stable up to 48 h incubation in various buffer solutions having pHs ranging from 1 to 12 and up to 24 h incubation in two rat gastric juices (pHs of 2.5 and 4.5, respectively).
Moreover, it was also reported (4) that after intravenous administration of metformin at a dose of 100 mg/kg to six rats with bile duct cannulation, the biliary excretion of unchanged drug was almost negligible; the percentage of the intravenous dose of metformin excreted in the 24-h bile as unchanged drug was only 0.343%. Hence, the CL NR of metformin listed in Table 3 could represent the metabolic clearance of the drug. Additionaly, the changes in the CL NR of metformin could represent the changes in the metabolism of the drug in rats.
The AUC values of metformin were doseproportional after both intravenous and oral administration of the drug at doses of 50, 100, and Table 3 . Mean (± standard deviation) pharmacokinetic parameters of metformin after intravenous and oral administration of the drug at a dose of 100 mg/kg to the control and DMIA rats. 200 mg/kg to rats (28) . Hence, the both intravenous and oral doses of 100 mg/kg were arbitrarily chosen for the present study. After intravenous administration of metformin to the DMIA rats, the AUC of the drug was significantly greater than the controls due to significantly slower CL of metformin than the controls (Table 3 ). The significantly slower CL of metformin than the controls was due to significantly slower both the CL R and CL NR of the drug than the controls ( Table 3 ). The significantly greater Ae 0-24 h in DMIA rats (Table 3) could be due to urine flow rate-dependent timed-interval renal clearance of metformin in rats; there was correlation (35) between 1/timed-interval renal clearance of metformin and 1/urine flow rate in both control rats and rats with diabetes mellitus induced by streptozotocin before and after insulin treatment; the more urine flow rate increased, the more metformin was excreted in the 24-h urine (Choi et al., 2008 ). The 24-h urine output in the DMIA rats was significantly larger than the controls (Tables 1,  3 , and 4) as reported in other rat studies (14) (15) (16) 18) .
After intravenous administration of metformin to the DMIA rats, the CL NR of the drug was also significantly slower than the controls (Table 3 ). This could be due to decrease in the expression and mRNA level of hepatic CYP2C11 in DMIA rats than the controls (5). As mentioned earlier, metformin was metabolized via hepatic CYP2C11, 2D1, and 3A1/2 in the control rats (4) and the expression and mRNA levels of hepatic CYP2C11 and 3A1 decreased and increased, respectively, in the DMIA rats compared with the controls (5). Although the study on DMIA rats was not reported, the expression of hepatic CYP2D1 was not changed in the DMIS rats (36) . The above data suggested that the contribution of hepatic CYP3A1/2 to the metabolism of metformin in the DMIA rats did not seem to be considerable compared with that of hepatic CYP2C11. The hepatic first-pass effect of metformin was 27.1% based on the AUC difference between intravenous and intraportal administration of the drug to the control male Sprague-Dawley rats (28) . Since metformin is a low hepatic extraction ratio drug in rats, its hepatic clearance depends more on the CL int and free (unbound to plasma proteins) fractions of metformin in plasma rather than on the hepatic blood flow rate (37) . The significantly slower CL NR of metformin in the DMIA rats (Table 3) could be supported by significantly slower CL int than the controls ( Table 2 ). The contribution of free fractions of metformin in plasma to the slower CL NR of metformin than the controls (Table 3) did not seem to be considerable; the plasma protein binding values of the drug were comparable between two groups of rats as mentioned earlier.
In the DMIA rats, the hematocrit was significantly greater than the controls ( Table 1 ). The binding of metformin to blood cells was considerable; the mean value of equilibrium plasma-to-blood cells concentration ratio of metformin in rat blood at initial metformin blood concentrations of 1-10 μg/mL was 1.23-1.37 (28) .
The bound fractions of adriamycin (38) and propranolol (39) to red blood cells were reported to act as barriers for their elimination. Hence, the significantly greater hematocrit in the DMIA rats (Table 1) could also contribute to the slower CL than the controls (Table 3) .
After intravenous administration of metformin, the CL R of the drug was estimated as free fractions of metformin in plasma based on the CL R (Table 3 ) and plasma protein binding values of the drug. The values thus estimated were 13.4 and 10.6 mL/min/kg for the control and DMIA rats, respectively. The 13.4 and 10.6 mL/min/kg were considerably faster than the GFR (as estimated by CL CR ) for both groups of rats ( Table 1 ), indicating that metformin is mainly secreted in the renal tubules for both groups of rats. Active renal tubular secretion of metformin in humans was also reported (1 and references therein). Based on the CL R values of metformin based on plasma data (Table 3) , reported renal blood flow rate of 54.8 (34) and 42.3 (40) mL/min/kg for the control and DMIA rats, respectively, and hematocrit and kidney weight (Table 1) , the renal extraction ratios of metformin (CL R of metformin / renal plasma flow rate; only for urinary excretion of unchanged drug) were estimated. The renal blood flow rates were estimated to be 707 and 418 mL/min/100 g kidney weight for the controls and 7-day alloxan (50 mg/kg) diabetic male CFE rats, respectively (40) . The renal extraction ratios of metformin thus estimated were 39.0 and 46.2% for the control and DMIA rats, respectively, suggesting that the metformin is an intermediate renal extraction drug for both groups of rats.
After oral administration of metformin to the DMIA rats, the AUC of the drug was also significantly greater than the controls (Table 3) as shown after intravenous administration (Table 3) . However, this was not likely due to increased absorption of metformin from the gastrointestinal tract than the controls. After oral administration of metformin, the GI 24 h values of the drug were 5.13 and 5.05% of the dose for the control and DMIA rats, respectively (Table 3 ). It is possible that this unchanged metformin, 5.13 and 5.05%, might be partly attributed to the gastrointestinal (including biliary) excretion of the absorbed drug. Based on the linear pharmacokinetics (28), the mean "true" fractions of oral dose unabsorbed ("F unabs ") in this study could be estimated by the following equations (41 (Table 3) and GI 24 h values of metformin after intravenous administration of the drug to the control rats (DMIA rats), respectively (Table 3) . Table 4 . Mean (± standard deviation) pharmacokinetic parameters of metformin after intravenous and oral administration of the drug at a dose of 100 mg/kg to the control, DMIA on 25th day, and DMIA rats with insulin.
A. Intravenous
Parameter Control (n = 5) DMIA on 25th day (n = 6) DMIA with insulin (n = 7) Body weight (g) a DMIA rats at 25th day was significantly different (p < 0.05) from control rat and DMIA rats with insulin; b Each group of rats was significantly different (p < 0.001).
The "F unabs " values thus estimated were 4.78 and 4.63% for the control and DMIA rats, respectively. Hence, an approximately 95% of the oral dose was absorbed from the gastrointestinal tract up to 24 h for both groups of rats. Although the study was not reported in DMIA rats, the testosterone 6--hydroxylase activity (a CYP3A1/2 marker in rats) in the small intestine in the DMIS rats reduced half that of the controls (42) . It was reported (43, 44) that CYP3A1 is mostly expressed in rat intestine, but CYP2D and 2C subfamilies are expressed very low in rat intestine. Moreover, the contribution of hepatic CYP3A1/2 to the metabolism of metformin in the DMIA rats did not seem to be considerable compared with that of hepatic CYP2C11 as mentioned earlier. Although the changes in intestinal CYP2C and 2D subfamilies in DMIA rats have not been reported yet, the effect of possible changes in intestinal CYP2C11, 2D1, and 3A1/2 in rat intestine on the pharmacokinetics of metformin in the DMIA rats did not seem to be considerable, if any. This could be supported by the following. The AUC differences between the control and the DMIA rats after both intravenous (33.3% increase) and oral (23.2% increase) administration were not considerable (Table 3) , although the gastrointestinal first-pass effect of metformin was great, 53.8% of oral dose, in rats (28) . Therefore, the greater AUC of metformin after oral administration of the drug to the DMIA rats could also be due to the same reasons as explained in the intravenous study. a Each group of rats was significantly different (p < 0.001); b DMIA rats at 25th day was significantly different (p < 0.05) from control rat and DMIA rats with insulin; c DMIA rats at 25th day was significantly different (p < 0.05) from control rat, and comparable with DMIA rats with insulin. Mean arterial plasma concentration-time profiles of metformin after 1 min intravenous infusion of the drug at a dose of 100 mg/kg to the control (n = 5; •), DMIA at 25th day (n = 6; ○), and DMIA rats with insulin (n = 7; △) (A) and after oral administration of the drug at a dose of 100 mg/kg to the control (n = 5; •), DMIA at 25th day (n = 8; ○), and DMIA rats with insulin (n = 7; △) (B). Bars represent standard deviation. Note that the terminal half-lives of metformin after oral administration of the drug were considerably longer than those after intravenous administration (Table 3 ). This could be due to different blood sampling time schedules between two routes of administration. For comparison, the terminal half-lives after oral administration were estimated based on 720 min plasma data (the same time in the intravenous study); the values were close to those after intravenous administration (164 ± 60.4 and 157 ± 41.4 min for the control and DMIA rats, respectively).
Time (min)
Since metformin was also effective in type I diabetic patients with insulin therapy (19, 20) , the effect of insulin on the pharmacokinetics of metformin in the DMIA rats was evaluated. After intravenous administration of metformin to the DMIA rats with insulin, the CL NR of the drug (the CL NR in the DMIA rats with insulin was significantly faster than that of the DMIA rats on 25th day) was returned to the controls (Table 4) . Significantly faster CL NR of metformin in the DMIA rats with insulin (compared with that in the DMIA rats on 25th day) could be mainly due to restoration of hepatic CYP2C11 levels to the controls in the DMIA rats at 25th day by insulin treatment (6) . The decrease in hepatic CYP2C11 and increase in hepatic CYP1A2, 2B1, 3A1 in the DMIA rats were returned to the controls by insulin treatment (6) . In the DMIA rats with insulin, the significantly smaller Ae 0-24 h could be due to urine flow rate-dependent timed-interval renal clearance of metformin, since the 24-h urinary excretion was significantly smaller than that of without insulin. After intravenous and oral administration of metformin, some pharmacokinetic parameters changed in the DMIA rats on 25th day were returned to the control levels by insulin treatment for 3 weeks in the DMIA rats on 25th day. (Table 4) .
CONCLUSIONS
After intravenous administration of metformin to the DMIA rats, the CL R and CL NR of the drug were significantly slower than the controls (Table 3 ). The significantly greater Ae 0-24 h in the DMIA rats could be due to urine flow rate-dependent timed-interval renal clearance of metformin. The significantly slower CL NR could be due to the decrease in the expression and mRNA level of hepatic CYP2C11 in the DMIA rats than the controls. After oral administration of metformin to the DMIA rats, the AUC of the drug was also significantly greater than the controls. However, this was not due to increase in absorption of metformin in the DMIA rats, and this could be due to the same reasons as explained in the intravenous study. After intravenous administration of metformin to the DMIA rats with insulin, the CL NR was significantly faster than that in the DMIA rats on 25th day and the value returned to the controls. This could be due to the restoration of hepatic CYP2C11 to the controls in the DMIA rats on 25th day by insulin treatment. After intravenous and oral administration of metformin to the DMIA rats on 25th day, some pharmacokinetic parameters of the drug were returned to the controls by insulin treatment.
ACKNOWLEDGMENTS
This work was supported in part by a grant from the 2007 BK21 Project for Applied Pharmaceutical Life Sciences.
Nonstandard abbreviations:
HPLC, high-performance liquid chromatography; AUC, total area under the plasma concentrationtime curve from time zero to time infinity; CL, time-averaged total body clearance; CL R , timeaveraged renal clearance; CL NR , time-averaged nonrenal clearance; CL CR , time-averaged creatinine clearance; Vd ss , apparent volume of distribution at steady state; MRT, mean residence time; V max , maximum velocity; K m , apparent Michaelis-Menten constant; CL int , intrinsic clearance; C max , peak plasma concentration; T max , time to reach a C max ; Ae 0-24 h , percentage of the dose excreted in the 24-h urine; GI 24 h , percentage of the dose recovered from the gastrointestinal tract (including its contents and feces) at 24 h; F, extent of absolute oral bioavailability.
